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Abstract 

We use lepton-flavour violating (LFV) processes as a probe of higher-order corrections to 
the Kahler potential in compactified M-theory. We consider a generic Kahler potential with 
higher-order terms coupling visible sector fields to fields in the hidden sector of the compactified 
theory. Such terms generally give rise to potentially large flavour-violating effects. Unless there 
are suppressions, the size of the resulting off-diagonal terms in the Kahler potential may be at 
odds with experimental results. The rare decay /x —)■ ey and /x —>■ e conversion in nuclei probe 
the size of the potential flavour non-diagonality of the higher-order terms for realistic spectra in 
the M-theory compactification. We consider a parameterisation of the higher-order corrections 
in terms of a small parameter e. By analysing various textures for the higher-order corrections, 
we find current bounds on e from the LFV processes. The constraint from the neutral kaon mass 
difference Atok is currently similar to that from g —> ey. Measurement or new limits on the 
process ^ ey and, in the future, /x —>■ e conversion in Aluminium, will be an effective probe 
of the form of the higher-order Kahler potential terms. For the preferred range of gravitino 
masses, unless the Kahler potential is strikingly flavour-diagonal, improvement in experimental 
sensitivity of LFV processes should give a non-zero signal. 
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1 Introduction 


In the Standard Model (SM), lepton-flavour number is conserved because one can always rotate to 
a basis in which gauge interactions and the charged lepton Yukawa matrix are diagonal. Therefore, 
any future observation of lepton-flavour violation (LFV) would constitute evidence for new physics 
beyond the Standard Model (BSM). Measurement and analysis of low-energy LFV processes may 
provide insight on potential new physics at the high-energy frontier, since in all approaches to 
extending the SM, new physics will lead to LFV processes. The current limits on /r —)• ey and other 
processes present challenges for many scenarios for new physics. 

In minimal supersymmetric extensions of the SM, there are many sources of potential LFV sa- 
In particular, there is the possible presence of off-diagonal soft terms in the slepton mass matrices 
{rn\)ij, as well as in the trilinear couplings A\y In order to construct models that avoid 

LFV one must introduce strong measures, for example imposing universality [^, but there is often 
no separate motivation for them. 

Most of these approaches rely on a bottom-up approach of building a model which is an ef¬ 
fective theory below some scale A. While this approach can be helpful for exploring low-energy 
phenomenology, it is often hindered by the lack of predictivity associated with the plethora of pa¬ 
rameters which are unfixed in such effective models. If, however, one can write a top-down theory, 
then in principle all the parameters are fixed and calculable up to technical limits. For example, 
one can consider string/M-theory compactifications which result in the MSSM as the TeV-scale 
effective theory, with all parameters in principle related and, at least approximately, calculable. 

In precisely such an M-theory compactification [ 6 -[^ on to a 7D manifold of holonomy group 
G 2 , supersymmetry breaking is mediated to the 4D visible sector by gravitational interactions as 
in minimal supergravity, resulting in a TeV-scale spectrum set by the gravitino mass M^/ 2 - A 
key result of the construction is the derived mini-split between the gauginos, which are suppressed 
by over an order of magnitude relative to the gravitino mass, and the scalars, which are of order 
M 3/2 ~ 0(10)’s of TeV g. 

In this case, there is minimal flavour violation coming from the superpotential [^. Therefore, 
any potentially significant flavour-violating effects must either arise due to the flavour structure of 
the Kahler potential or due to renormalisation group running effects from inclusion of the neutrino 
see-saw mechanism 11-13 . This will be expounded on further in section]^ 

As with many supergravity-type models, there is uncertainty about the flavour structure of 
the spectrum due to higher-order corrections to the Kahler potential connecting the visible sector 
to potential hidden sectors in the theory. Because the scalar masses are derived from the Kahler 
potential, their low-energy flavour structure will depend heavily on its flavour structure. If the 
higher-order corrections are non-flavour-diagonal, they will generally lead to non-universality and 
non-diagonality of the scalar masses, which in turn will lead to potentially large LFV effects at low 
energies due to flavour mixing. 

In low-scale supersymmetry models, one is often forced either to require the off-diagonal terms 
in the Kahler potential to be small, or to drive up the scalar masses (see for example [^). Since 
the underlying theory we work with here does not allow much variation in the scalar masses, we 
analyze here whether generic Kahler potential structures are allowed, or whether the theory points 
towards a constrained structure. Indeed we find that in the compactified M-theory framework the 
constraints from /r —ey are already stronger than in a more general theoretical framework. On 
the other hand, because the high-scale soft breaking Lagrangian is real in M-theory, constraints on 
EDMs are weaker 


15,16 
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In principle the higher-order corrections to the Kahler potential should be calculable in a string 
theory. However, due to limitations in current understanding, such a calculation is difficult. There¬ 
fore, we will not attempt such a calculation here. Instead we show how we may use limits from 
measurements (or non-detection) of low-energy LFV to place constraints on the form of the higher- 
order corrections and on the connection between the visible and hidden sectors of the theory. In 
particular, having strong limits on non-diagonality may be a useful probe of potential symmetries 
and geometry governing flavour dynamics in the visible and hidden sectors. 

Since the mechanism for generating small active neutrino masses in the G 2 -MSSM is currently an 
open question, we do not consider here the potential LFV effects due to a see-saw type mechanism. 
If such a mechanism were to exist, depending on the scale of the right-handed neutrinos and the 
size of the corresponding Yukawa couplings, the LFV effects could be competitive with the LFV 
coming from the higher-order corrections to the Kahler potential. We leave the determination of 
the precise neutrino mass-generation mechanism and resultant possible LFV effects to future work. 
Presumably, any LFV effects from neutrino mass mechanisms would generically add to Kahler 
potential effects. 

If low-energy LFV were to be measured, then in the limit where all flavour-violation comes from 
the Kahler potential, the form of the higher-order corrections would be known, and could be used 
to make predictions for other flavour-violating observables. Therefore writing a formalism whereby 
LFV can be related to the higher-order corrections is of interest. Furthermore, since the higher- 
order corrections arise due to the connection between the visible and hidden sectors of the theory, 
determination of the said connection may have important implications for other phenomenological 
aspects of the theory, such as hidden sector dark matter. 

The organisation of this paper is as follows. In section we review the lepton flavour-violating 
observables which can be used to probe the Kahler potential. In section we review potential 
sources for LFV in the soft SUSY breaking Lagrangian, and explain why we focus in particular on 
the Kahler potential. In section]^ we review the form of the Kahler potential and how it may give 
rise to potential flavour-violating terms in the scalar masses and the trilinear terms. In section we 
analyze the form of the a matrix we introduce in section]^ and how its form may be constrained by 
LFV observables. Section [^contains the results of numerical computations that show how limits on 
LFV processes probe the size of the off-diagonal terms in the Kahler potential. Finally in section 
we remark on the significance of the calculation and how future experiments may be able to provide 
insight on the form of the Kahler potential. 

2 Lepton flavour violating processes 

We consider three separate LFV processes, U —)• Ij^, k —)• 3lj and fi — e conversion in nuclei. While 
the process ^ ey is currently the most constrained, significant improvements are expected for 
the exclusion limits for the other processes also. The current and expected limits are listed in table 
[T] below. 
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Figure 1: Dominant one-loop diagrams contributing to rare U —)• Ij'j decays. A runs from 1, ...,4 
for the neutralinos, 1,2 for charginos, while X runs from 1,6 for the sleptons, and 1,2,3 for the 
sneutrinos. 


Process 


Current limit (xlO 


Expected limit (xlO 


^ 67 

/i —)■ 3e 
r ^ /i 7 
r —)• 67 
fi — e in Au 
/r — 6 in Ti 
^ — 6 in A1 


TW 


tI 

~ 6 X 10 



~ 10“3 

20| 

21 


~ lO*^ 

22 

2T 


~ lO*^ 

22 


Table 1: Current and future limits on LFV observables. 


2.1 li —)■ /j7 

The amplitude of the process k —)■ Ij'y is given by 

T = e^miAaapq^iALPL + ArPr)!^ (1) 

where q is the momentum and e“ is the polarisation of the outgoing photon, m;. is the mass of 
the incoming lepton li, Pl,r are the usual left and right projection matrices, with Ar^r being the 
coefficients of the amplitude for when the incoming lepton is left/right-handed, and the outgoing 
lepton is right/left-handed. The dominant one-loop diagrams for this decay are shown in Fig. 
and the expressions for Ar^r can be found in Appendix]^ The branching ratio is then 

127r^ 

BR(/i —> Ij^) = {\Ar\^ + (2) 


2.2 Ij —)■ 3li 


We now consider the process li —?■ 31 j with particular interest in the process /r —>• 3e. Contributions 
to this amplitude come from penguin- and box-type diagrams. The contribution of the penguin- 


type diagram generally dominates, such that there is a simple relation between BR(Zi 
BR(/j —)• Ij’j), which is 


31 j) and 


11 


BR{li 3lj) ^ a ^ 16 mi- 

BR(/j Ijj) Stt V 3 2mi. 



~ 0.007 (for li 


fi, Ij = e) 


( 3 ) 
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Since this process is suppressed relative to /r —)• ej, and the future experimental sensitivity will not 
be a significant improvement on the future sensitivity from /r —)• ey (c.f. Table [^, we simply make 
an estimate of the potential future sensitivity. Once a measurement or new limit on // —)• ey is 
made, we will be in a position to use the consequent estimate of the size of LFV effects as a guide 
for a prediction of the /r —)• 3e branching ratio. 


2.3 


/i 


conversion in nnclei 


The conversion of /r to e in nuclei comes about as a result of Penguin-type diagrams and box- 

In general, this process is suppressed relative to the /r —)■ ey process 


11,27 


type diagrams 

mil Additionally, there are hadronic uncertainties which make the theoretical determination 
of the process less exact, which gives us a less accurate handle on the impact of the higher-order 
corrections. However, since the future experimental sensitivity from ^ ^ e conversion in A1 should 
be an improvement on the sensitivity from experimental searches for —)• ey, we analyse here the 
prospect for improving bounds on higher-order corrections from measuring the conversion rate. 

In TeV-scale supersymmetry, the dipole diagrams with photon exchange dominate. However, 
with a slightly split scenario such as in the G 2 -MSSM or mini-split supersymmetry one must take 
into account all diagrams, as the penguins may indeed become important. 

The branching ratio for // —)• e conversion in nuclei is given by 29 


—y — 


+ 


]aID + 2{2gly + giy)V^P) + 2{gly + 2giy)V^^'^ 


-I- 2{2g'^y -I- g'}iy)V^^^ -I- 2{g^y + 2g'^y)V^'^^ 


J ^capture 


( 4 ) 


where ujcapture is the muon capture rate of the nucleus. The are the dipole coefficients and 

V penguin- and box-type Wilson coefficients coupling to up or down-type quarks as 

defined in Appendix i The terms D, and are overlap integrals calculated in 
values are presented in Appendix for convenience. 
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3 Overview of potential sources of flavour violation 

In general supersymmetric theories, there are many terms which could potentially give rise to 
flavour-violating observables. The supersymmetry-breaking squark and slepton mass terms and 
the trilinear terms coupling Higgs to scalars are the main potential sources of flavour violation. 
Taking the soft supersymmetry-breaking Lagrangian as written in Eq. ([^ 

^MSSM = ^ (^1^^ + M 2 WW + M^gg + h.c.) 

H- (^uAuQHu cA^LHd -1- h.c^ 

— Q^rriQQ — L^m^L — — em?e^ 

- - {fiHuHd + h.c.) (5) 

we can see that the trilinears Af and the explicit squark and slepton mass terms have the potential 
to cause mixing between different flavours. 
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In the G 2 -MSSM, the soft terms arise from the superpotential originally derived in 

(det((/)2))“/2e-^i/ + (6) 

and the Kahler potential derived by Acharya and Bobkov in section III of , including the higher- 
order term derived in Eq. (62) of [^. 


K = 


-SlogdTT / E 7 + + ^ + 






+ 


( 7 ) 


The first two terms of the superpotential are for the moduli superpotential, and the third is 
the MSSM superpotential, with <I>" denoting MSSM superfields. The terms Ai are normalisation 
constants, hi are the beta function coefficients of the hidden sector and / are the corresponding 
gauge kinetic functions given by / = ^ NiZi where Zi are the complex moduli fields. In the 
Kahler potential, V^ is the volume of the 7D manifold, are visible sector fields, (p are hidden 
sector effective fields,arising from chiral fermion condensates, and ... represent higher-dimensional 
operators which are suppressed by higher powers of Vj. 

Let us consider then where flavour violation may arise in the superpotential written in equation 
The moduli superpotential does not contain visible sector fields, and therefore cannot result 
in flavour-violation. The MSSM superpotential can of course give rise to terms that couple dif¬ 
ferent flavours to each other, leading to potentially large flavour violation. The un-normalised 
Yukawa couplings arise from membrane instantons that connect singularities where the chiral 
superfields exist. They are given by 

YLm = (8) 


where is a matrix of order 1 constants, and is the volume of the cycle connecting 

the singularities where the chiral superfields exist. In these compactifications, it is natural to obtain 
a hierarchical structure of these un-normalised Yukawa couplings, due to the dependence on the 
volume of the cycles, and due to possible family symmetries [^. The normalised Yukawa couplings 
depend on the Kahler metric, and are 

(9) 


where is the diagonalised Kahler metric in the canonical basis. The dependence on the Kahler 
potential and metric is described in section These in turn give rise to the un-normalised trilinear 
terms of the soft-breaking Lagrangian, which are explictly 


1^1 e F 


K, 


i^a/37 + 


V' 

' 01/37 




.kpoYpp^ -|-a'f-7'/3-|-a'f-7'7 


( 10 ) 


where Km is the derivative of the Kahler potential with respect to the m-th moduli field Sj, Km = 
as originally defined in [^- In the case where the Kahler metric kap oc hajs, the trilinears may 
then be factorised into 

■^aP'y — ■^afi'yYafj'y (H) 


where the matrix Aa^.y is found by making the explicit computation from Eq. (10) above. One 
may then rotate the trilinear terms to the Super-CKM basis, where the squark (and slepton) fields 
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are rotated by the same matrices which rotate the quark (and lepton) fields in the Standard Model. 
Since the lepton fields can always be rotated such that they are aligned with the gauge interactions, 
the only potential for flavour violation from rotating the slepton fields is in the case of misalignment 
between the matrix and the Yukawa matrix. If the decomposition is different from 


■^a/37 



hAo 



( 12 ) 


where a, b, c are 0(1) constants, then there is potential flavour violation arising due to the trilinear 
terms. 

Turning to the Kahler potential written in equation 0 , we see that the higher-order corrections 
may give rise to non-flavour-diagonal terms if there are no symmetries to prevent them. The first 
term in the potential does not depend on visible sector fields, and therefore will not give rise to 
flavour-violation. The term only dependent on the visible sector fields, 

(13) 

will not result in flavour violation either, as we may rotate the fields such that Kapti oc 

5ap. Turning then to the first term containing both visible and hidden sector fields. 


( 1 ) 4 ) 


(14) 


we see that there is now a coupling Cap that depends on the moduli fields, which is not necessarily 
proportional to the leading order coupling Kap- Therefore, when the field rotation is performed, this 
term may not be proportional to the identity. The coupling Cap defines the connection between the 
hidden sector and the visible sector of the theory, and in principle should be calculable. However, 
due to technical limitations, it is not yet known precisely what form this coupling takes. Therefore, 
for generality we cannot assume that it is proportional to n^p, and can therefore have off-diagonal 
terms after the rotation of the MSSM fields ‘h is performed. 

If the coupling Cap is to be proportional to the leading order coupling Kap in the basis where 
Kap is diagonal, it would suggest that there are symmetries that the visible sector fields must obey 
such that any term with the combination 4>"<I>^^, regardless of the hidden sector field dependence, 
must be flavour-diagonal. The matter fields <I> are charged under the usual MSSM gauge groups, 
but are also charged under U{1) factors which arise from the Kaluza-Klein reduction of the field in 
eleven-dimensional supergravity along the two-sphere which shrinks to zero size at the singularity 

. It has been argued in that in local models in M-theory, when 
there is a branching of a gauge group G ^ H x U{1)^ x ... x U{1)^ where the 17(1)* factors have 
associated charges g*, there can only be a single field with charge g*. This would imply that the 
only terms allowed in the Kahler potential are of the form i.e. the Kahler potential would 

be flavour-diagonal, and would therefore generate flavour-diagonal soft masses. If these symmetries 
are unbroken, this would preserve the flavour-diagonality of the Kahler potential, including the 
higher-order corrections, and therefore result in zero LFV effects. If however the 17(1 )s are broken 
at some scale, this would lead to off-diagonal terms in the Kahler potential. Such terms would be 
suppressed as long as the breaking occurs an order of magnitude or more below the Planck scale. 


where the chiral field lives 31 
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We additionally entertain the possibility that there may be geometrical arguments that apply to 
the matter fields, which could affect the flavour dynamics. 

In this section we have given an overview of the possible origins of flavour violation in the 
compactihed String/M-theory framework. In the following section, we go through the calculation 
of how flavour violation may enter the relevant soft Lagrangian terms from the Kahler potential as 
a result of assuming that the higher-order coupling 9 ^ Kap, so that LFV does indeed occur. 

Readers, if they wish to only see constraints from LFV, may turn to section and treat e as 
a small parameter within the compactihed framework, directly comparable to the mass insertion 
parameter 6 often employed in the literature, arising due to the higher-order corrections to the 
Kahler potential. 


4 The Kahler potential, and estimates of the scalar masses and 
trilinears 


We use the Kahler potential derived in that 


we described in detail in section 


K = -Slogdvr^/^VV -I- Kai3 




+ + V 7 


+ ... 


(15) 


where as before, V 7 is the volume of the 7D manifold, are visible sector helds, (j) are hidden sector 
helds and ... denotes the higher dimensional operators which are suppressed by higher powers of 
V-j. The term that depends on both the hidden and visible sector fields is a higher-order correction 
to the Kahler potential which couples the two sectors gravitationally. 


4.1 Scalar masses 

The scalar masses in gravity-mediated models are given by the following equation 

</3 = - e^F^id^dnKap - dnksp)F'^ (16) 

in the unnormalised basis. Here = dadpK is the Kahler metric of the visible-sector Kahler 
potential K and F^ are the moduli F-terms. One must then canonically normalise the visible 
matter Kahler potential by introducing a normalisation matrix U: 


4 > ^ 

u^ku = 1 


(17) 

(18) 


as: 


where 


From equation (16), we can see that the expression for the scalar masses can then be written 

W-a/? = (19) 

= e^F^idrndnk^p - o^k^^k^^dnksp)F^ (20) 





The explicit calculation of the term Tap is in Appendix We present the leading-order result 
for the scalar masses in equation (21) 


m 


a/3 


~ -^3/2-^0/3 ^ 


a/3 




m 


tree \ “ 
1/2 ) 


245 

~9~ 


14R 


e// , p2 

! + W// 


CKa'yO' 


( 21 ) 


where in the second line we have neglected the terms higher-order in ^ as they are subleading. 
The parameter Peff is defined in Appendix [A| and is a constant. This can be reformulated entirely 
in terms of the gravitino mass as 




^3/2^0!p I 


1 


P. 


1 + 


2Vr 


M- 


3/2 


245 


n 2 

^ + W// 


CKa-y^ p(i 

wf 


( 22 ) 


T// V (Q-Pm, 

We made use of the parameterisation of the coupling of the first term involving both hidden 
and visible sector fields as being 

Cap — C • KaSO'p (^^) 

where ci^ is some unknown matrix that is expected not to depend on the moduli fields and c 
is a factor defined in which can take on a value between 0 and 1. This parameterisation is 
based on the assumption that the visible sector fields should be coupled in the same way as the 
leading-order term, by Kap, with corrections due to the connection to the hidden sector, denoted by 
cj“^. Therefore, in the limit where symmetries protect the higher-order terms from having flavour 
off-diagonal terms, this would be equivalent to the statement that oc 5“^. 


Using the definition of the Kahler metric in equation (44), we remark that the term proportional 
to Cap is an order of magnitude suppressed due to the extra factor of relative to the term 
proportional to Hap- Therefore 

Kap ^ (24) 

after which we may take the expression for the scalar masses (Eq. ©), and diagonalise to the 
canonical basis, such that now we have that 


mlp ~ ml^^dap - 


245 

~9~ 


up 


eff 


+ P, 


eff 


car 


3 U 7 


(25) 


~ ^3/2*^«/3 CcFap (26) 

where C is a parameter that depends on the value of c only, as all other values are fixed. The size of 
this parameter can be calculated, using the results of that ~ —0.03 r] 7713/2 and rj ~ 0.96, 

we have that ~ —0.037713/2. Putting this together with the results of 7 that ~ 0.75, and 

Pe// ~ 63, we find 

C ~ 0.9c 7773/2 (27) 

Since the expression for the tree-level gaugino masses is 

1 2 U 7 


"^1/2 


1 + 


M- 


3/2 


(28) 


Peff V ' iQ- P)<t>l 

we see that the size of C is consistent with expectations, and can be up to of order 1 compared with 


the gravitino mass, since the dependence of Peff cancels in the second term of Eq. (25). 


9 





















4.2 Trilinear terms 


The trilinears may also give rise to potential flavour observables. The expression for them is given 
in equation (190) of and is 


M o 


— (^K^^draKpoY^ij^ + a'H>/3 + a'f-7>7 


(29) 


in the unnormalised basis. Again, a, (3 ,7 label visible sector fields and are the unnormalised 
Yukawas in the superpotential. These are defined by the following equation 




(30) 


where the coefficients CaP'y are constants. The integer combination of the moduli Vga/s-y = Si 

is the volume of the cycle connecting the singularities a, / 3,7 where the chiral multiplets are 

localised. The physical Yukawa couplings are given by 


W 


Ya^j = (31) 


The full calculation of the trilinears is found in Appendix [B| We present here the leading order 
result 


-^aj3^ — 


+ 




3 Y 7 

4:7rYQal3'y 3A 


3P. 


eff 


cr. 


~^Ysfj^ + Q;'f->'/3 + a'f->'7 

O 


P, 


eff 


Yafi'f f ( 1 + 


2 Y 7 




(32) 


Now we are in a position to comment on the size of potential flavour violation due to the 
trilinears. The matrix parameterising the misalignment between the leading and higher-order 
terms in the Kahler potential appears with terms of the form caf^Ys^ryjS. In general, the form of 
the physical un-diagonalised Yukawa couplings Y^js^ is not well known, and therefore the potential 
size of the effect is hard to gauge. However, it is expected that only the couplings of the third 
generation are of order 1, with all others being smaller [34| (also see for example [16] and references 
within). 


5 Form of the a matrix 

Stringy flavour-violating effects will arise from the off-diagonal terms in the aa /3 matrix. Having 
derived the form of the scalar masses and the trilinears in the case where the higher-order corrections 
are misaligned relative to the leading order by some matrix aa/s, we now wish to put some limits 
on the form and size of said matrix. In principle it is a 17 x 17 matrix as it runs over a, /3 = 
Qi, Ui, Di, Li, Ei, Hu, Hd where i = 1,2,3, but certain restrictions simplify this substantially. 
Since the elements will not depend on fields that are charged under any of the Standard Model 
gauge groups, we can restrict ourselves to five 3x3 sub-matrices afj where F = Q, U, D, L, E 
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and i,j = 1,2,3. We rule out mixing between the Higgs fields and the F fields, for example by 
assuming R-parity conservation. Then we are dealing with a matrix of the form 






3x3 


(4) 


*J/3x3 


V 




[cr. 


E) 

vJ3x3 


a 


Hu 


a 


Hu 


(33) 


where 0 "^“ and are just numbers. 

We are now in a position to write down what the scalar mass matrices are at the high scale. 
We will have four 6 x 6 matrices mixing the left- and right-handed sfermions: 


(/, 




fi,R 


v{Aij sin /? — n*Yij cos /5) 


v{A*j sin 13 — fjYij cos /3) 



(34) 


where = Q, L, Fr = U, D, E, and fi = Ui, di,ii,i'i. We see that when afj 6ij, this will 
result in flavour-violating processes. 

Considering that the off-diagonal terms must to be small relative to the diagonals to comply 
with experimental data, we may treat the aa/s matrix as being approximately diagonal up to small 
perturbations. This allows us to employ the results of the calculation of the Higgs mass [35,36 


as 


well as requiring consistent electroweak symmetry breaking (EWSB), to constrain the product of 
0.9 X caHu,Hd- 

The Higgs mass is given by 

Ml = M| cos^ 2/3 + 6 Ml (35) 


where SMl denotes the radiative corrections from SM and MSSM particles. The value of 6 Ml 
depends on the given values of M 3 / 2 , M and 0.9caHu,Ha- Meanwhile the EWSB conditions are 


M| ^ - m]j^ tan^ /3 

2 tan^ /3 — 1 


(36) 


H/r = i sin 2/3(m|^^ -F -h 2 ^?) 


(37) 


where bars denote that the soft masses are tadpole corrected, and the evaluation of all parameters 
is one at the scale Qewsb = class of models, /x < O.IM 3/2 is expected j^, and 

0 < <C as runs significantly more than due to the top Yukawa coupling for 

moderate tan/3 < 10. Since mjj ^ — 0.9caHu,Ha)^ by taking appropriate limits one can 

obtain the following expression for /x 




2 


- O.QccjjxJ 
“ 0.9cc7hJ 


(^Ml/J{0.9caHu) + 


(38) 
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where /(0.9 c(Th„) takes into account the running of This equation reduces the three- 

dimensional M 3 / 2 , /^, 0.9caHy,,Hj^ parameter space to a two-dimensional one. When combined with 
requiring the experimentally determined Higgs mass, this is further reduced to a one-dimensional 
strip in parameter space. 

The result assuming a diagonal higher-order correction matrix found in is that 0.9 x 

c(THu,Ha — 0-5 for the preferred range of values of M 3 / 2 . Since the matrix depends only 

on the moduli and hidden sector fields, it should not a priori know about differences between the 
chiral superfields. Therefore by constraining two elements in the diagonal, we make the well moti¬ 
vated extrapolation that we are in fact constraining the diagonal elements of the full matrix. We 
therefore make the redefinition that the diagonal of the matrix is unity, such that 0.9c ~ 0.5. 
We may then write 






3x3 


{ 4 ) 


3x3 




3x3 


( 4 ) 


3x3 


( 4 ) 


3x3 


(39) 


0 / 


with i ^ j, i,j = l, 2, 3, and afj = 6 ij + efj. Equation (39) is the key result of the arguments from 
the compactification and the symmetries involved. 

This allows us to study the various limits on the entries of the efj matrices, whether in the 
quark or leptonic sectors, as well as the interplay between the two sectors. Since we are interested 
in very rare processes, and any uncertainties can be problematic, we focus on leptonic processes, 
which are subject to fewer uncertainties. Additionally, decays such as 5 —)• 57 are relatively large 
compared to —?• ey, and the experimental uncertainties on the measurement are many orders 
of magnitude larger than the potential effect due to the higher-order corrections from the Kahler 
potential. The most important constraint from the quark sector comes from the neutral kaon mass 
difference ArriK, which we compare with the constraints from LEV effects. We verified numerically 
that the recent experimental measurement of the rare decays of B mesons into muon pairs |38| is 
consistent with our framework. Any strengthening of the constraints from leptonic processes could 
be applied to the quark sector. In particular, any determination of non-zero LEV effects could be 
used in the future to make predictions of quark-flavour-violating effects. 

We consider a few particular textures for the 3x3 matrices ex , which we take to be real, 
characterized by a small parameter e. This parameter serves as an indicator of the scale at which 
potential flavour symmetries preventing off-diagonal Kahler potential couplings are broken, or of 
geometrical suppression of the off-diagonal couplings. 



^0 0 

= I 0 0 0 
0 0 , 


eg’® =10 0 



(40) 


Texture 1 corresponds to all symmetries being broken at the same scale. Texture 2 corresponds 
to only the symmetries preventing mixing being broken, while textures 3 and 4 correspond to 
the symmetries preventing re and r/r mixing being broken. While texture 1 could in principle have 
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different parameters corresponding to /re, re, and r/r mixing, this would correspond to breaking 
the various symmetries at different scales, which would then have to be explained at a fundamental 
level. Therefore, we assume that all the symmetries are broken at a unique scale for texture 1. We 
study the rare decay of /x —)• ey and n ^ e conversion in Aluminium in the case of the first two 
textures, r —>■ ey for the third, and r —)• /xy for the fourth. We do not explicitly study the rare tau 
decays for the first two textures, as the limits due to the —)• ey exclusion are already stronger 
than any limit one could impose from the measurement of tau decays. 


6 Numerical results 


In this section we present the numerical results for the various textures and resultant LFV observ¬ 
ables we consider. The construction is such that the running of the first two generation scalars 
is not substantial. This was verified both semi-analytically using the RGEs as found in [39] and 
numerically using the spectrum calculator SoftSusy [40] . Therefore, we take all values as being at 
the electroweak scale in the following calculations. 

In many cases in the literature, the branching ratios are calculated in the mass insertion ap¬ 
proximation. In the most straightforward application of this approximation, the branching ratio 
for li —)• /j 7 is given by 

tan^ /3 


BR{li lj'y)Mi ^ 




( 41 ) 


where we have defined as an approximately typical supersymmetry scale Mq = ttiq, where niQ = 


37 


^— 0.9 c) is the universal scalar mass, with 0.9c = 0.5 as found in 
0.9 was derived in Section]^ Here the mass insertion parameter 8 is defined as 


(5 = 


Am?' 

rrir 


M3/20.9ce 


m2 


32 / 2 ( 1 -0.9c) 


and the factor of 


(42) 


for 0.9c = 0.5. The tan2 ,0 enhancement comes from the Higgsino contribution to the diagrams in 
Fig. [^. While this simple approximation does not give correct results due to the mini-split 
between the scalars and the gauginos, there exist in the literature more complex expressions in the 
mass insertion approximation that take the split spectra possibility into account, such as 29 , or 
more recently 42 . Additionally, while the simple approximation is not useful for calculations, it 


provides a useful guide as to the parametric dependence of the branching ratio. 

As briefly described above, an advantage of the compactified M-theory is that and tan fi 
are related by the theory rather than being free parameters, n is incorporated following Witten’s 
approach and using a generic discrete symmetry. After moduli stabilisation it is estimated 
that ^ Ri {moduli)M^I2-, where (moduli) is a typical moduli vev, of order 0.1. Constraining ^ 
to not arise from the superpotential, and using the EWSB conditions gives (at the high scale) 
2;utan/3 ss M 3 / 2 . Combining these gives tan/0 ~ 5 — 10. 


Comparing the result from 29 in the mass insertion approximation with the full diagonalisation 
result, we obtain Fig. 
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Figure 2: Branching ratio of /U —)• 67 as a function of the small parameter e for texture 2. The curves 
represent the eigenstate basis calculation (orange) and mass insertion approximation (dashed blue) 
branching ratios for M 3/2 = 35 TeV (mo ^ 24 TeV), Mi = 400, M 2 = 600 GeV, ^ = 1.4 TeV, 
and tan /3 = 7. The shaded blue region is excluded by the current experimental limit, shown as a 
dotted blue line, and the dotted purple line is the expected future sensitivity. 

We note that for larger values of e there is some discrepancy between the mass insertion ap¬ 
proximation and the eigenstate calculation, of order a few percent. 

In the subsequent calculations of BR(/i —)• ey) we perform the calculation in the eigenstate 
basis, since this gives us discriminatory power between textures 1 and 2 , as the current probes are 
in the relatively large e region. However, for /r —?■ e conversion we use the results of |29| in the mass 
insertion approximation, since the region probed is at small e, where the two approaches match 
well. 


6.1 Relevance of ArriK 

Since we do not make any a priori assumptions about the form of the higher order corrections 
to the Kahler potential, other than that they should obey symmetries, we must assume that any 
higher order corrections affecting lepton flavour-violating processes may also impact quark flavour 
observables. Thus, in the absence of large phases [^, we must pay particular attention to the 
stringent constraints from the small mass splitting of the neutral K mesons, where we consider the 
case where the supersymmetric contribution to the mass splitting saturates the bound [44] , 

ArriK < 3.484 x MeV (43) 


Therefore, we use this constraint to set a limit on the maximal size of the same e parameter that 
enters in the leptonic sector. The contribution from supersymmetry has been computed before (see 
for example [^, and 0 )- We use the next to leading-order (NLO) calculation of (4^[46] to compute 
the relevant limits for our choices of parameters. While we tabulate here the limits, they are also 
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M 3/2 (TeV) 

mo (TeV) 

e 

25 

17 

0.09 

35 

24 

0.14 

50 

35 

0.22 


Table 2: Limits on e due to Athk for nig = 1.5 TeV. 


plotted in the figures in the subsequent sections. Note the current limits on e from // —)• eq or 
/i —e conversion (c.f. Table will be the most stringent if there is no discovery. 

6.2 Importance of different parameters 

We show that the most important parameters are the gravitino mass and the small parameter 
e that appears in the off-diagonal entries of the aajS matrices. While the LFV branching ratios 
depend also on the electroweakino masses Ma {a = 1,2) and the Higgs bilinear term fi, as can be 
seen from hgs. and below, the dependence is only a change of order a few whereas, as will 
be seen subsequently, the dependence on the gravitino mass M 3/2 is considerably stronger. 



(a) The branching ratio of the decay /r —> ey for tex¬ 
ture 1, varying Ma between 300 and 10"^ GeV, using 
the parameterisation that Mi = Ma, M 2 = l.SxM^. 
The gravitino mass was chosen to be M 3/2 = 35 TeV 
(i.e. mg = 24 TeV), ^ = 1.4 TeV, and e = 0.1, to 
illustrate a set of parameters which would give vari¬ 
ations near the current limit, which is just above the 
range shown here (c.f. Table 0. 



(b) The branching ratio of the decay /x — >• ey for 
texture 1, varying fi between 300 and 10^ GeV. The 
gravitino mass was chosen to be M 3/2 = 35 TeV 
(i.e. Too = 24 TeV), and e = 0.1, with Mi = 400 
and M 2 = 600 GeV. This set of values gives values 
of BR{ii ey) below the current limit (c.f. Table 



Figure 3: The dependence of the branching ratio of /x —)■ ey on Mi ^2 and /x. 


In figs. 3a and 3b we have considered a larger range of values for the electroweakino masses and 


/X than expected from the M-theory compactihcation to emphasise the lack of sensitivity to these 
parameters. Thus, variations in the order of magnitude of the electroweakino masses and the value 
of n will alter the result by up to ©(few) factors, the overall order of magnitude for the various 
branching ratios is set by the size of e and M 3 / 2 . 
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6.3 Muon decay constraints on textures 1 and 2 


It is clear from the form of texture 1 that this will result in a non-zero /r —)• 67 branching ratio, as 
well as non-zero r —>■ 67 and r —)• /r 7 branching ratios. However, since the limits on the tau decays 
are not as strong as those on the muon decay, we need only consider the muon decay to set limits 


on the size of e for various choices of the gravitino mass M^^ 2 - This is shown in figure 4a 



(a) Branching ratio of /r —>■ 07 as a function of the 
small parameter e for texture 1. The three curves 
represent M 3/2 = 25, 35, 50 TeV for green, orange 
and red respectively. The dotted blue line represents 
the current experimental limit, and the dotted pur¬ 
ple line is the future limit. The shaded regions I, 
II and III denote the exclusions due to Attik con¬ 
straints for M 3/2 = 25, 35, 50 TeV respectively. 



(b) Branching ratio of /i —)■ ey as a function of the 
small parameter e for texture 2. The three curves 
represent M 3/2 = 25, 35, 50 TeV for green, orange 
and red respectively. The dotted blue line represents 
the current experimental limit, and the dotted pur¬ 
ple line is the future limit. The shaded regions I, 
II and III denote the exclusions due to Amx con¬ 
straints for M 3/2 = 25, 35, 50 TeV respectively. 


Figure 4: Limits on e in the cases of textures 1 and 2 coming from BR(|U —)• ey). In both plots we 
fix /i = 1.4 TeV, rrig = 1.5 TeV, Mi = 400 GeV, M 2 = 600 GeV and tan/3 = 7. 


We can see that for the choices of M 3/2 = 25, 35 and 50 TeV, corresponding to mo = 17, 24 and 
35 TeV, the current experimental sensitivity on BR(/i —)• ey) results in bounds of e < 0.06, 0.14 
and 0.24 respectively. The future experimental limit promises to strengthen those bounds to e < 
0.02, 0.05 and 0.11 if there is no discovery. 

The results are for texture 2 are shown in figure [4b| We see that for the choices of M 3/2 = 25, 35 
and 50 TeV, corresponding to mo = 17, 24 and 35 TeV, the current experimental sensitivity on 
BR(|U —)• ey) results in bounds of e < 0.08, 0.19 and 0.5 respectively. The future experimental 
sensitivity promises to strengthen those bounds to e < 0.03, 0.06 and 0.15 if no discovery is made. 
The bounds are therefore weaker than those set by texture 1. This can be seen in figure where 
we overlay the two textures for the same gravitino mass choices. 

Gomparing with the constraints from ArriK, we see that the constraints from /x —)• ey are 
already stronger for M 3/2 ^ 50 TeV for texture 1, albeit barely for M 3/2 = 35 TeV. For texture 
2, we see that BR(/x —)• ey) is more constraining than Amjy for M 3/2 < 35 TeV only. The reason 
the sensitivity does not scale quite the same way for the two textures is that in texture 1 there are 
more avenues for /x — e flavour violation than in texture 1. Thus, texture 1 exhibits deviation from 
the naive dependence for smaller values of e than texture 2 . 


16 














Figure 5: Branching ratio of /r —t- 67 as a function of the small parameter e for textures 1 and 2. The 
curves represent M 3/2 = 25, 35, 50 TeV for green, orange and red respectively. Texture 2 results 
are shown with dashed lines. The corresponding values of mo are 17, 24, 35 TeV. The dotted blue 
line represents the current experimental limit, and the dotted purple line is the future sensitivity. 
The blue shaded region is excluded for all values of M 3/2 by the current experimental limit. The 
shaded regions I, II and III denote the exclusions due to ArriK constraints for M 3/2 = 25, 35, 50 
TeV respectively. We hx ^ = 1.4 TeV, rrig = 1.5 TeV, Mi = 400 GeV, M 2 = 600 GeV and 
tan (3 = 7. 

If e were larger than the values quoted above for textures 1 and 2, the decay of —)■ ey would 
have been observed, or excluded by ArriK- With no currently known mechanism by which to 
understand why e should be much smaller than these bounds, this suggests one of three outcomes. 
The first is that the rare decay of ^ ey will be seen in the not too distant future, because 
e should not be too much smaller without being contrived. The second is that some as yet not 
well understood partial symmetry sets a smaller, but non-zero, size for e, whose exploration would 
require a future generation of experiments. The third is that the Kahler potential is, perhaps 
surprisingly, flavour-diagonal or nearly so, in which case any flavour-violating effects must arise due 
to some other mechanism. 


17 


















6.4 Tau decays as a probe of textures 3 and 4 

The third and fourth textures that we consider will clearly give no contribution to the decay of 
/i —)> ey. They give rise only to non-zero r —>■ ey and r —)• /xy decays for the textures 3 and 4 
respectively. Since the e dependence is the same in both cases, we need only show one plot, which 
applies to both cases. This is shown in fig. 



0.10 0.15 0.20 0.30 0.50 0.70 1.00 


e 

Figure 6 ; Branching ratio of r —>■ e(/u)y as a function of the small parameter e for textures 3 
(4). The curves represent M 3/2 = 25, 35, 50 TeV for green, orange and pink respectively. The 
dotted blue line represents the current experimental limit, and the dotted purple line is the future 
sensitivity. We fix /x = 1.4 TeV, rUg = 1.5 TeV, Mi = 400 GeV, M 2 = 600 GeV and tan/3 = 7. 

Quite clearly, both the current and future sensitivities are already excluded in principle by 
ArriK- However, it is worth noting that if r —)> e(/x)y were to be observed, this would imply that 
the constraints from ArriK do not apply to the leptonic sector, which would in turn tell us that 
the Kahler potential either knows the difference between quarks and leptons, or that there may be 
some mechanism making the squarks heavier than the sleptons (although that is not expected in 
the M-theory compactification). 
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6.5 jjL ^ e conversion in Aluminium 

While the process of /x —)> e conversion in nuclei is suppressed relative to the rare decay of /U —)• 
67 , the future sensitivity of the conversion process in Aluminium promises to probe further than 
future /X —>• 67 experiments (c.f. Table [^. Therefore, we present here the numerical results for 
the calculation of the conversion process in Aluminium in the mass insertion approximation. As 
explained earlier, while there is some deviation of order a few percent between the mass insertion 
approximation and the eigenstate calculation for larger e, since /x —6 conversion probes the region 
of small 6, using the mass insertion approximation is justified. 



Figure 7: The branching ratio for /x —)• 6 conversion in Aluminium as a function of the small param¬ 
eter 6 . The green, orange and red lines are for M 3/2 = 25, 35, 50 TeV respectively, corresponding 
to mo = 17, 24, 35 TeV. The shaded regions I, 11 and III denote the exclusions due to Attik 
constraints for M 3/2 = 25, 35, 50 TeV respectively. The dotted purple line is the future sensitivity. 
We fix /X = 1.4 TeV, rUg = 1.5 TeV, Mi = 400 GeV, M 2 = 600 GeV and tan/3 = 7. 

We see from Fig. [^that the future sensitivity of 0(10“^®) to muon conversion in Aluminium will 
prove to be an improvement over Atuk of order a few, and a slight improvement over BR(/x —?■ 67 ). 
The future sensitivity should be able to impose bounds of e < 0.026, 0.038, 0.06 for M 3/2 = 
25, 35, 50 (mo = 17, 24, 35) TeV respectiveljQ If the sensitivity could be improved to 0(10“^'^), 
the bounds would be improved to e < 0.008, 0.011, 0.019, which would be a very clear improvement 
over all other current and future experimental constraints. 

^Note that the bounds for conversion do not quite scale the same way as for BR(/x —>■ ey). This is due to interplay 
between the dipole and the photonic penguin operators. 
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6.6 Summary of constraints, current and future 

Here we present for convenience a summary of the constraints from all processes, currently and in 
the futureJ3 


Process 

Scalar mass mo (TeV) 

Current bound (e) 

Future sensitivity (e) 

ArriK 

17 

0.09 

- 


24 

0.14 

- 


35 

0.22 

- 

BR(// —> ey) Texture 1 

17 

0.06 

0.02 


24 

0.14 

0.06 


35 

0.24 

0.11 

BR(/x —)• ey) Texture 2 

17 

0.08 

0.03 


24 

0.19 

0.06 


35 

0.5 

0.15 

BR(r —> e(/t)y) Texture 3 (4) 

17 

0.9 

0.8 


24 

0.9 

0.85 


35 

0.9 

0.9 

BR(^ —)■ e)27Ai 

17 

- 

0.026 

24 

- 

0.038 


35 

- 

0.06 

BR(^ —)• 3e) 

17 

- 

0.031 


24 

- 

0.07 


35 

- 

0.18 


Table 3: Limits on e from all flavour observables considered, present and future. Note that the 
current constraint from /i —?■ ey is comparable with that from Aitik, and in the future will be the 
stronger of the two. 


7 Conclusion 

The flavour structure of the Kahler potential in supergravity theories has potentially important ef¬ 
fects on low-energy observables. The current stringent limits on lepton-flavour violating processes, 
in particular the branching ratio —)• ey being so small, sets the bar for gravity-mediated super- 
symmetry theories to meet. We have studied a generic Kahler potential containing terms mixing 
the visible sector with a hidden sector in the context of a compactified M-theory. The higher-order 
corrections to this potential that couple the two sectors can have important implications for low- 
energy flavour observables. While 17(1) symmetries or geometrical effects may protect the Kahler 
potential from having flavour off-diagonal terms at high scales, we consider the possibility that 
these are broken at some scale below the Planck mass, resulting in suppressed flavour violation. 

We make a parameterisation of the higher-order correction term coupling the visible sector to 
the hidden sector, which enables us to analyse how flavour observables can be used to probe the 
flavour structure of the Kahler potential. We find that the limits on lepton-flavour violating decays 

^We present for reference the calculated sensitivity from /r —>■ 3e as forecast in [^, which, if realised, is potentially 
comparable with other observables. 
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translate into a strong bound on off-diagonal terms in the scalar mass matrix, parameterised by e. 
For a gravitino mass of order 25 — 50 TeV (mo = 17 — 35 TeV), as implied in the compactified M- 
theory case, the current experimental bound on BR(/i —)• ey) already sets bounds on e of between 
6 X 10“^ and ~ 2 x 10“^. This is already more constraining than Attik for M 3/2 ^ 35 TeV. 
The future experimental bounds promise to improve these bounds by a factor of two to three, 
and improve on the constraints from Attik for all the values of M 3/2 considered here. Future 
experiments attempting to measure // —)■ e conversion in Aluminium will further improve the 
bounds. The expectation is that BR(r —)■ should not be seen, as it is already ruled out by 

ArriK, although if it were to be seen, it would suggest some non-trivial interplay between the quark 
and lepton sectors in the Kahler potential. One could argue that, given the already fairly strong 
contraints, future measurements of ^ ey or ^ e conversion in Aluminium will either find a 
non-zero branching ratio due to Kahler potential effects in the not too distant future, or else the 
Kahler potential is flavour-diagonal, or nearly so. Such a flavour-diagonal Kahler potential has not 
been anticipated. 

We see that LFV processes have the potential to probe aspects of M-theory compactifications 
that pose interesting conceptual and technical challenges for model-builders and for the underlying 
theory. Additionally, we note that LFV processes have the potential to become the strongest con¬ 
straints on heavy supersymmetric scalars with generic flavour structure, surpassing the constraints 
from ArriK, and will thus be an important probe of models with a mini-split spectrum. The current 
experimental limits suggest that, for the preferred gravitino masses [6}|8||10], the Kahler potential 
must already be surprisingly flavour-diagonal. This would have to be explained either by symme¬ 
try arguments, or by geometrical arguments from the underlying theory. Thus, improvement in 
experimental sensitivity in /r —)• ey and /r —)> e conversion should either give a non-zero signal, or 
point towards the surprising result that the Kahler potential is flavour-diagonal, or nearly so. 
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A Calculation of 


In this section we go through the explicit calculation of Fq^. Given the Kahler potential in equation 
Q above, we can see that the Kahler metric Kap is given by 


^ _ ^a/3 C, 

Vr + 3V2 


and the inverse Kahler metric is then approximately 





3 


(44) 


(45) 
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In the course of the calculation, we use the following identities from 


N 


dK 


Tsdi = -7, Ki^^, K = -31og(47ri/V7) 

C/S'^ 


1=1 

N 


. / N (9 1 Ki 

ih,vrw, 


2=1 


and the assumption, explained in section 4.1, that we may decompose Cap such that 


Cq/3 — C * i3 


(46) 

(47) 


(48) 


where (T^ is some unknown matrix that is assumed not to depend on the moduli fields and c is the 
same factor from which can take on a value between 0 and 1. 

We also use the results from 

^K/2jpi _ 2isimfy (49) 

(50) 

where -Pe// is a constant defined in Eqs. (125), (141) of [^, and is a constant. It depends on the 
terms Ai and A 2 of the superpotential, the hidden sector field value cpo, as well as the hidden sector 
gauge groups which are SU{P + 1) and SU{Q). We replicate here the expressions in 


Peff = 


/ QAi4>l \ 

V PM ) 


14(3(Q -P)-2) 
3{3{Q - P) - 2^6{Q - P) 


(51) 


We then break up the expression for into two more easily tractable pieces, Aap: F^{drhdnKa0)P'^ 

and Bap- F^{drhKa'yK'^^dnKsp)F'^ such that Tap = Aap - Bap- 

Starting first with term Aap, we find that it can be written in the following way: 


e^F^{dfndnKap)F^ = e^P{d-jd,Kap)F^ 

+ e^P{djdpKap)F‘^ 

+ e^F^{d^dikap)F^ 

+ e^F^{d^dpkap)F^ (52) 

so that/: Fkdjdikap)F\ IP. Fkdjdpkap)F^, IIP., F^{d^dikap)FMnd IV: F^{d^dpkap)F^. 
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Term I is given by 


P {d-jdiK^^)F^ = &. 


diKaP KapKi diKa^^aJ^CcIxt) 2Co.l3(p(l>Ki 

V 7 3 V 7 3Vy^ w:f 


= e^F^ 


d^diKcip ^ OiCct/jKi djKcipKi HapKjKi 

^ 3V7 ^ 3V7 ^ W7 


djdi CT j^C(l)(l) ‘2ditV(y^-y(J ^C(I)(I)Kj 

^a'y a]jC(l)(l)Ki AcafjcpcpK-jki 

^ ^ W? ^ W? ^ 27V^ 


= 4 mf/; 


7\ K, 


A-^ A-^ 


3 F 7 


14 y Cai34>4> 


3 J siy 


then terms II and III cancel, leaving term IV, which is 


e^F^{d^d^k^0)F^ = e^F^ (d^d^^) F^ 


= [-S-P^ff [</2 


tree \ ^ 


such that term is just 


^a/3=(mr/f) 14 I (A-:, 


ly Kal3 


3J V 7 


+ A-- 


14\"c, 


3 J 3V^ 
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Moving on to the second term Bap, we write 


= e^F^{d^k^^k^^dnKsp)F^‘ 


I a r> FiS I I , ^<5/3-^* , diKs^a^ccj^t) 

= F 8.,.A'„,A' _ + _ + _^ + __^ 


^k/ 2 pin (Q ^ {2i\(x-l\(8l-^jlk 


sy V ^ 3^7 


/ M\ / K^ksp(l)(l) _ C^ksi3{(p(j))‘^ 

^ V 3 y V 3^7 gyy 


+ ( 3-^e// 


K^ksi3(t)(t> _ C^ksi3{4’<p)‘^ 
3^7 9Vy2 


(-2Z) A-^ A-yy 


3J Vy 


y-3 


14 A c, 


3 y 344? 


+ ( g-^’e// 


/ 14\ / K^ksi34>(l) _ c^ksi3i(j)(p)'^ 

^ V 3 y V 3^7 9^2 


+ ( 3-^e// 


' iF^C5p(l)(j) 


3 F 7 

94f J J 


= </f 


4 Ya - - V f — - 


3 \V, 


+ A-y A-yy 


14\ / KayK'^^Cspipcj) Ka'^C^ksi3{(j)(j)f 


n^-3 ^-3 


7\ /c, 


~''Si3i4«i>y 


3) V 3yy 


+ A- 


14 A / Co^K^'^C5/3(y)<y)^ Ca^C*ksi3i(l)(pY 


- 2 ^( 3 -^^// 


"-3 


7A / Ka'ylF°C, 


CSIi{(t)kf _ Cg/scjxj) Cg.yC^^ KSl3i4>(p)‘^ 

9vy 3vy 9vy 


/ 14A / Cg^K'^ks0i(f)(f)y _ Cg^c^ks/3{(p(p)^ _ Cg^K'^ksi3{4>(j)y Cg^Fks^jcjxpY 

V 3 y V 91 /y 27 yy 9yy 27^/ 


+ ( 3 -^e// 


Cg.yK^^CSlsicp^y Ca^C^^CSi3i4>(py 


We can then use 

and 


KgSK^'^ = 52 


^a.5^ ^ ^cii^5j3 
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to see that the complex entry is just zero, such that 


Bap = f < 4 


4/2 J 


A- 


7\^ f KaP Ka'yC^^K. 


V 7 


3Vf 


+ ( A - (X - —^ _ Ka^c^^csp{(p(j))‘^ 

3 / \ 3 / \ 3X7? 9V-? 


+ ''-y) ('-y (V/ 

f Ca'yKl^Csp{ct)(t)Y 


Ca-yC^^K, 


'&p{(l>4>f 


+ (3-fe« 


3 

2 r 


,7<5, 


C'Cx.'y^ C, 


'5p{(t><i>f 




27Vf 


Ca^K^^Csp{4>(j))‘^ Ca^C^^Cspi(j)(p) 


3n 




27V^ 


Putting the pieces together finally, we have that 


= ( 


Tap = [m 


4/2 ; 


( 66 ) 


49cap(l)(l) , , 14^^ o-;^C5/3c(<^((>)^ , f, uy (TZa?^cspc^i(j)(j)y 

+ 3 / wf j) 27v^ 


+ ( ( - Peff 


Capy<P aicspcyyf ^ aiy^cspc^yyf 


3V^ 


9Vf 


27Vf 


(67) 


B Calculation of the Trilinears 


We start from Eq. (10) and then apply similar conditions as above to derive a useful form of the 


Trilinears. We may break up Eq. (|10[) into 3 parts. 


7): 

\W\^ -P ^rn^aP'Y 

(68) 

II): 

^ e^^‘^F™'d Y' a 

^IY\ ^rnlaP'y 

(69) 

III): 

]^„Kl2pm 

\w\ 

K^^dmKpaY^p^ + Q!-f-)-/3 + a-f-)-7 

(70) 


Starting with part /), we may use the properties set out above to find 


= 1# + ^ 


^ ^ (W^) 


( 71 ) 


|W| ■ --"‘-“PT' 

as is also given in j^. Since there is no dependence on Kap, II) is also the same as in j^, and is 

(72) 


w dvr y 2 V 7 


|iy| (^rn^aP'f 


eff 


1 + 


{Q-P)yl) 


Part III) however does have dependence on the metric Kap- We therefore calculate the form of the 
relevant part of III). Since the three terms in III) are equivalent up to interchanging of indices. 
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it is sufficient to calculate one of them to infer the rest. 


= e^/2 [F^k^Pd.kp^ + F^k^Pd^kpo.^ 
Turning our attention first to the part dependent on the moduli fields, we use that 


( 73 ) 


~ diKpa Kpaki cdiKp^(J^(j)(l) ^^CKp^CT^cjicjiki 

OiKpa = —TT-1-^T7-1- T^TTo -T 


V 7 


3^7 


3ff 




(74) 


therefore using the expression for the inverse Kahler metric in Eq. (45) we find 

2 E 7 


e^/^F^k^Pdikpa = 


-1 


F 


eff 


1 + 


(Q - P)<Pl 


7 




14A 


9 E 72 


Similarly, we calculate the part dependent on the hidden sector fields, using 


f) K - 

04 ,-typa — 




m3/2 (75) 


(76) 


we find that 


e^/^F^k^Pd^kpa = (1 - 


3R 


eff 


1 + 


2 E 7 


{Q - P)(t>^ 


ca„ 




wy 


"I3/2 


Putting the two parts together, and then combining with I) and IJ), we may write that 


(77) 


Al'« =-^ 

\W\\[\Vj^ Peff 


+ 


47rE, 


QaP~l 


P, 


1 - 


7 


3P, 


eff 


ca 


eff 


3 E 72 


eff 


V' 

^ a/S'Y 


9Vy 


A-:,U^- A-^ 


2E7 


14A 


9vy 


+ a-H-/3 + a-f-)-7> (1 + 






(78) 


We then use the definition of the physical Yukawa couplings, and disregard terms higher-order 
in ^q/Vi to write 


/4 ^ 


E 7 


'Pafi'y C I 1 


3R 


eff 


+ - 


p. 


1 + 




2 E 7 


eff 


{Q - PWo 


H- Oi j3 -\- 01 '7 


^ 3/2 


(79) 
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C Expressions for LEV processes 

C.l Expressions for /j —)■ Ijj 

The amplitude for the process k —)■ Ij'y is given by [IT|[l2]: 


T = e'^ljmiiaapq.^ {AlPl + AjiPjijli 


At T, - 4 - A^'^'> 

^L,R — ^l,R ^ ^L,R^ 


( 80 ) 

(81) 


A^'^') - _ 

^L,R — 


IGtt^ 


m 




C-a\C^axHM Imi^) + C^XxCXx 


M— 

L,R ^R,L * Xa 


mu 




(82) 


aW _ ^ 

r D — 


L 


A'l 

pAxP aT -h (Mj, /m?p + JV“ JVS ’ ml) + 


mu 


where m? is the sneutrino mass-squared, m? is the slepton mass-squared and M-o- is the 
^ lx Xa 

tralino (chargino) mass. The loop integrals /i ^2 and Ji ^2 are defined by 


h{r) = 


12(1 -r) 


- (2 -|- 3r — 6r^ -|- -|- 6r log r) 


^2(^) = pp - ^(-S-hdr-r^ -21ogr) 

2(1 — rp 


Ji(r) = 
J2{r) = 


1 


12(1 -r) 
1 


2(1 -r)3 

and the matrices C and N are defined as 


^ (1 — 6r -|- 3r^ -|- 2r^ — 6r^ log r) 
(1 — -|- 21ogr) 


(83) 

neu- 

(84) 

(85) 

( 86 ) 

(87) 


CiAX — -92 {Or)aiUxi 

rL - n 

^lAX ^2 AT , , „ 

p2Mw cosp 


{Ol)a2UI, 


where A = 1,2 and X = 1, 2, 3, 


( 88 ) 

(89) 


^Hx = -^\[-{On)a2 - (On)Aitan0H^] U^x,^ + ^J'^;^^ (Ojv)A37ljc.^+3} (90) 

^LAX = { My/ cos/3^^^^"^^^^’* ‘^i^N)Ai tan| (91) 

where ^4 = 1,..., 4 and X = 1,..., 6. The matrices {On) are those acting on the neutralino mass 
matrix such that OnMnOJj is diagonal. 
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C.2 Expressions for ^ e conversion in Nuclei 

The effective Hamiltonian for the interactions of the muon and electron with the vector quark 
current can be written as 


= alv + 9% inuPn^) (qYq) (92) 


with being Wilson coefficients. These can be computed in the full eigenstate basis, 

but we give the expressions for them here in the mass insertion approximation. It was verified 
numerically that the full eigenstate basis calculation matched the mass insertion approximation. 


q q,box , 0,7 , q,Z 

9l{r)v ~ 9l{r)v + 9l{r)v + 9l{r)v 


(93) 


where in the limit where the Wino mass is much less than the scalar masses, \M^\ <C iRfq, the 
leading contributions are given by 


q,box ^ 9l (5 

(47r)2m? Y m-? J 4:^ ' 


(94) 


u,'y—peng. 

9lv 


r)d,-y-peng. 

^9lv 




(95) 


u,Z—penq. d,Z—penq. 

= (l-fsin^M 


-92 


Am? 


(47r)2m? \ m? 


^ ( 1 - 4 sin^ Ow 


\M^\^ l/^l 


X <^cos/3/i +sin/3/2 + 


I f ( 1^1 


2 ’ 2 
m~ m~ 


2 ’ 2 
m~ m~ 


h 

m~ \ m~ m~ 

i \ i i / 


(96) 


with Am? = M2^2(0-9c x e) and m? = M|^2(1 “ 0.9c), where 0.9c ~ 0.5. We reproduce here the 
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loop functions given in Appendix B of 29 for convenience: 

1 


fix) = 
fiix,y) = 
+ 

+ 

f2ix,y) = 
+ 

+ 


+ 


x\ogx 


8(1-x) 8(1-x)2’ 

x^(3 - 9?/) + iy- 3)y'^ + x‘^{3y - 1)(1 + 4^) + xy{y{13 - lly) - 4) 
2(1 — x)2(l — y)‘^{x — 
x{2x^ + 2y‘^ + 3xy(l + y) — x^(l + 9y)) 


( 97 ) 


(1 — x)^{x — y)^ 

y'^{y + x{7y - 5) - 3x‘^) 


logx 


(1 - y)3(x - y)3 


logy, 


x^(l - 3y) + 3(y - 3)y^ + x{y - 3)y(y + 4) + x^(y(13 - 4y) - 11) 

2(1 — x)2(l — y)2(x — y)2 


x(2x^ + 2y‘^ + 3x^(1 + y) - xy(9 + y)) 
(1 — x)^(y — x)^ 
y2(x2+ x(7-5y) - 3y) 


log X 


logy, 


/3(a:,y) = - 


(1 - y)^(y - x)^ 

12(x + y + x^ + y^ + x^y + y^x — 6xy 
(1 - x)2(l - y)2(x - y)2 


(98) 

(99) 

( 100 ) 


24x(x^ — y) , 24y(?/^ — x) 

+ t:^-TT 7 -log X + - -^ log y, 


(1 — x)3(y — x)3 


(1 - y)3(x - y)3 


These loop functions take into account the separation of scale between the gauginos, the term 
and the scalar masses. 

are given here for f^Al: 


The overlap integrals calculated in 

• D = 0.0357(m^)5/2^ 

• y(p) = 0.0159(m^)5/2, 

• yW = 0.0169(m^)®/^ 
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